Objective-To examine whether interference with FRNK targeting to focal adhesions (FAs) affects its inhibitory activity and tyrosine phosphorylation. Methods and Results-Focal adhesion kinase and its autonomously expressed C-terminal inhibitor, focal adhesion kinase-related nonkinase (FRNK), regulate vascular smooth muscle cell (VSMC) signaling and migration. FRNKpaxillin binding was reduced by a point mutation in its FA targeting domain (L341S-FRNK). Green fluorescent protein-tagged wild type and L341S-FRNK were then adenovirally expressed in VSMCs. L341S-FRNK targeted to VSMC FAs, despite previous studies in other cell types. L341S-FRNK affected FA binding kinetics (assessed by total internal reflection fluorescnece [TIRF] microscopy and fluorescence recovery after photobleaching [FRAP]) and reduced its steady-state paxillin interaction (determined by coimmunoprecipitation). Both wt-FRNK and L341S-FRNK lowered basal and angiotensin II-stimulated focal adhesion kinase, paxillin, and extracellular signal-regulated kinase 1/2 phosphorylation. However, the degree of inhibition was significantly reduced by L341S-FRNK. L341S-FRNK also demonstrated significantly greater migratory activity compared with wt-FRNK-expressing VSMCs. Angiotensin II-induced Y168 phosphorylation was Src dependent, as evident by a significant reduction in Y168 phosphorylation by the Src family kinase inhibitor PP2 is 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine (PP2). Surprisingly, Y168 phosphorylation was unaffected by its targeting. Furthermore, Y232 phosphorylation increased approximately 3-fold in L341S-FRNK, which was less sensitive to PP2.
V ascular remodeling requires a complex interaction between growth factor receptors, extracellular matrix components, and integrins. Key proteins are involved in integrating extracellular signals and promoting the intracellular signal transduction required for vascular remodeling. One of these intracellular proteins is focal adhesion kinase (FAK), which is activated by growth factor receptors and integrin clustering, and is critical for the assembly of a variety of signaling complexes within focal adhesions (FAs). 1 FAK possesses autocatalytic tyrosine kinase activity but also functions as an activatable scaffolding protein by providing phosphotyrosine and phosphoserine binding sites for docking additional signaling proteins. 2 The phosphorylation status of specific residues in FAK appears to regulate specific cellular processes. For instance, FAK-Y397 phosphorylation provides a docking site for Src family protein tyrosine kinases (PTKs) to bind to and to phosphorylate FAK and other cytoskeletal substrates. 3 Phosphorylation of Y861 may be involved in FAK-dependent cell migration signaling events, 4 -6 whereas phosphorylation of FAK-Y925 is thought to mediate FAKdependent extracellular signal-regulated kinase (ERK) activation and cellular proliferation. [7] [8] [9] [10] In addition to FAK, FAK-related nonkinase (FRNK) is also a product of the PTK2 gene, but is autonomously expressed under control of an alternative, intronic promoter. 11 FRNK is composed of the noncatalytic C-terminal region of FAK, containing the FA targeting sequence and proline-rich domains important for adaptor protein binding. FRNK is selectively expressed in vascular smooth muscle cells (VSMCs), with high levels found after arterial injury. [12] [13] [14] FRNK is thought to act as a dominant-negative inhibitor of full-length FAK in cultured cells. FRNK inhibits cell spreading of chick embryo fibroblasts, 15 inhibits migration of endothelial and rat aortic smooth muscle cells (RASMs), 12, 14, 16 and reduces proliferation of VSMCs. 12, 17 Previous laboratory studies 14,18 -21 have demonstrated that FRNK inhibits FAK-dependent signaling in both cardiomyocytes and VSMCs.
It is possible that FRNK functions not only as an inhibitor of FAK but may also initiate alternative signaling cascades. FRNK retains the C-terminal region containing the Y861 and Y925 phosphorylation sites present on FAK. Because the Y861 and Y925 residues function in FAK-dependent cell migration and proliferation, the corresponding residues on FRNK (Y168 and Y232) may be necessary for the phenotype seen with FRNK overexpression. However, FRNK's inhibitory function in vascular remodeling and the importance of specific signaling residues on FRNK are not fully understood.
In a previous report, 14 the inhibitory effects of FRNK on VSMC spreading and migration were highly dependent on its phosphorylation at Y168 but not at Y232. The overexpression of a green fluorescent protein (GFP)-tagged nonphosphorylatable mutant (Y168F-FRNK) markedly abrogated FRNK's inhibition of cell spreading after cell attachment and also restored VSMC migration in a 3D Boyden chamber assay. In contrast, Y168 phosphorylation was dispensable for FRNK's targeting to FAs and for its ability to inhibit FAK-Y397 and paxillin phosphorylation. These results suggested that FRNK requires both FA targeting and phosphorylation at Y168 to inhibit VSMC spreading and migration. Therefore, in the present study, we tested the hypothesis that abrogation of FRNK binding to paxillin within VSMC FAs would substantially reduce the inhibition of FAK-dependent signaling, restore cell migration, and reduce FRNK tyrosine phosphorylation at Y168 (and perhaps Y232).
To this end, we used a previously described point mutation within the FA targeting domain of FAK and FRNK. Studies in cultured fibroblasts demonstrated that the mutation of leucine to serine at position 341 on FRNK (analogous to L1034 on FAK) disrupted its association with paxillin in vitro and exhibited a cytoplasmic localization that did not lead to the inhibition of FAK autophosphorylation at Y397. 22, 23 In this report, data are presented to indicate that, in contradistinction to our hypothesis, FRNK targeting to FAs is not necessary for FRNK phosphorylation at Y168; in fact, it reduces basal-and agonist-stimulated phosphorylation at Y232.
Methods
Rats were housed in an Association for Assessment and Accreditation of Laboratory Animal Care-accredited University Animal Care Facility; all experimental procedures were approved by Loyola University Medical Center's Animal Care and Use Committee, Maywood, Ill. A complete description of the materials and reagents, cell culture, adenoviral constructs, TIRF microscopy and FRAP analysis, and general methods used for these studies is given in the supplemental data (available online at http://atvb.ahajournals.org).
The results were expressed as meanϮSEM. Data for multiple groups were compared by 2-and 3-way ANOVA, followed by the Holm-Sidak test; and 1-way ANOVA or 1-way ANOVA on ranks, followed by the Student-Newman-Keuls test. Data for 2 groups were compared by the unpaired t test or the Mann-Whitney rank sum test, where appropriate. Differences among means were considered significant at PϽ0.05. Data were analyzed using computer software (SigmaStat Statistical Software Package, Version 3.1; Systat Software, San Jose, Calif).
Results

TIRF Microscopy and FRAP Analysis of Wild-Type and Mutant GFP-FRNK
TIRF microscopy was used first to examine the localization of GFP-tagged wild-type (wt) FRNK and L341S-FRNK in living RASMs and to compare their localization to cells expressing only GFP. TIRF microscopy has the advantage of detecting fluorescent proteins localized only to the cellsubstratum interface of living cells, eliminating out-of-focus fluorescence and providing an approximately 100-nm-thick high-resolution optical section at this site. As seen in Figure 1A, GFP was diffusely localized throughout the basilar cytoplasm, whereas wtFRNK was localized to discrete linear structures typical of FAs. Surprisingly, the L341S-FRNK mutant showed a similar distribution to wtFRNK, despite the fact that this mutation was previously shown to completely disrupt FAK and FRNK localization to FAs by conventional epifluorescent microscopy in other cell types. [22] [23] [24] [25] In light of these findings, we investigated the kinetics of wt and mutant FRNK binding to FAs using FRAP. Figure 1B depicts a representative TIRF-FRAP experiment. The average normalized fluorescence intensity findings from 20 TIRF-FRAP recordings derived from 20 cells, each expressing GFP, wtFRNK, or L341S-FRNK, are depicted in Figure 1C . As is evident from Figure 1 , the recovery of GFP fluorescence was rapid compared with the localized fluorescence of both wt and mutant GFP-FRNK. However, a doubleexponential curve-fitting analysis of wtFRNK and L341S-FRNK revealed a significant difference in the value for average k FRAP ( Figure 1D ). Although the magnitude of the k1 rate constant was not significantly different, the value of the k2 rate constant was approximately 50% greater for L341S-FRNK ( Figure 1E ). We conclude that the difference in average k FRAP was the result of an increase in the slow component of fluorescence recovery. Additional results of the TIRF-FRAP experiments and curve fitting are presented in the supplemental data (supplemental Table I and supplemen-tal Table II ). The recovery of fluorescence within the region of interest in each TIRF-FRAP experiment was not the result of a redistribution of fluorescence from adjacent unbleached proteins within the same FA. Rather, the unbleached regions maintained the same level of fluorescence, whereas the region of interest fluorescence appeared to be restored from a rapidly diffusible cytoplasmic pool (supplemental Figure) . Overall, these results demonstrate the dynamic exchange of FRNK between the cytoplasm and binding partners within VSMC FAs. They also demonstrate that the L341S mutation reduced the binding affinity of FRNK by approximately 50%, most likely as the result of an increase in the rate of unbinding (ie, k OFF ). However, the L341S mutation did not completely eliminate FRNK targeting to VSMC FAs.
wtFRNK and L341S-FRNK Both Bind Paxillin
Our kinetic data demonstrated that FRNK binding to paxillin was reduced, but not eliminated, by the L341S mutation. To verify these results, RASMs were infected (100 multiplicity of infection, 24 hours) with Adv-GFP, Adv-GFP-wtFRNK, or adenovirus (Adv)-GFP-L341S-FRNK; fixed; permeabilized; counterstained with antipaxillin monoclonal antibody; and imaged by confocal microscopy. As seen in Figure 2A , both wt and mutant FRNK colocalized with paxillin in FAs. To quantify the FRNK-paxillin interaction, we performed coimmunoprecipitation and Western blotting experiments of similarly infected cells. Figure 2B depicts a representative experiment in which RASM extracts were immunoprecipitated with antipaxillin monoclonal antibody and the resulting coimmunoprecipitates were probed with anti-GFP (to detect wtFRNK and L341S-FRNK). Paxillin alone was present in immunoprecipitates derived from control cells expressing only GFP, whereas both wtFRNK and L341S-FRNK formed a complex with paxillin. Western blots of cell extracts before coimmunoprecipitation indicated equal expression of both transgenes. However, quantitative analysis of 6 coimmunoprecipitations revealed a significant reduction in the amount of L341S-FRNK pulled down with the paxillin monoclonal antibody ( Figure 2C ). Interestingly, the same coimmunoprecipitates were analyzed for FAK binding to paxillin and demonstrated a significantly greater displacement of FAK by wtFRNK versus L341S-FRNK ( Figure 2D ).
Mutation of FRNK's Paxillin Binding Domain Enhanced FAK-Dependent Signaling
To determine whether wtFRNK and L341S-FRNK inhibited FAK autophosphorylation at Y397, and downstream signaling to paxillin and ERK1/2, RASMs were infected with Adv-GFP, Adv-GFP-wtFRNK, or Adv-GFP-L341S-FRNK (100 multiplicity of infection, 48 hours); and then stimulated with angiotensin II (AngII), 100 nmol/L, for 10 minutes. Cell extracts were analyzed by SDS-PAGE and Western blotting with total and phosphospecific antibodies. Representative Western blots are shown in Figure 3A , and the average results of 5 experiments are summarized in Figures 3B, 3C and 3D. As is evident from Figure 3 , RASM contained substantial amounts of phosphorylated FAK, paxillin, and ERK1/2 under basal conditions. Both wt and mutant FRNK lowered basal FAK, paxillin, and ERK1/2 phosphorylation compared with Adv-GFP-infected cells, although there was a small, but statistically significant, difference for the degree of inhibition of basal phosphorylation between wtFRNK and L341-FRNK. AngII stimulation of Adv-GFP-infected RASMs resulted in an approximate 2-fold increase in phosphorylated FAK-Y397, an approximate 3-fold increase in phosporylated Pax-Y118, and an approximate 5-fold increase in phosphorylated ERK1/2 (T183/Y185). In contrast, AngII stimulation of cells expressing wtFRNK or L341S-FRNK did not result in a significant increase in phosphorylated FAK-Y397. Furthermore, AngII significantly increased paxillin and ERK1/2 phosphorylation in cells expressing L341S-FRNK, although the resulting increases were significantly lower than in control GFP-expressing cells. The reduction in basal and AngII-induced FAK phosphorylation was not because of a reduction in the total amount of FAK in either wtFRNK-or L341S-FRNK-expressing cells.
Mutation of FRNK's Paxillin Binding Domain Enhanced FAK-Dependent Cell Migration
RASMs were infected (100 multiplicity of infection, 24 hours) with Adv-GFP, Adv-GFP-wtFRNK, and Adv-GFP-L341S-FRNK; and cell migration was assayed in Matrigelcoated Boyden chambers. Results of representative fluorescent images, and the average results of 20 images per group from 2 separate experiments using platelet-derived growth factor, 10 ng/mL, as chemoattractant, are depicted in Figure 4A . Another set of experiments using AngII, 100 nmol/L, is shown in Figure 4B . As is evident from Figure  4 , wtFRNK markedly inhibited cell migration, confirming previous results. 14 
Mutation of FRNK's Paxillin Binding Domain Enhanced FAK C-Terminal Tyrosine Phosphorylation
Next, we examined whether reduced paxillin binding affinity of FRNK affected FAK tyrosine phosphorylation at Y861 and Y925. FAK-Y397, paxillin, and ERK1/2 phosphorylation in the same cell extracts was also examined, as were the effects of AngII and the Src family PTK inhibitor, PP2, 20 mol/L, for 1-hour pretreatment. As seen in Figure 5A and B, basal and AngII-induced FAK-Y397 phosphorylation was only modestly reduced by PP2 in GFP-expressing control cells. In contrast, FAK-Y861 ( Figure 5A and C), FAK-Y925 ( Figure  5A and D), paxillin ( Figure 5A ), and ERK1/2 ( Figure 5A ) phosphorylations were markedly reduced by the Src inhibitor. The overexpression of wtFRNK significantly reduced basal FAK phosphorylation at all sites, suggesting that FAK N-and C-terminal phosphorylations and downstream signaling to paxillin and ERK1/2 require FAK localization within VSMC FAs. The overexpression of L341S-FRNK also significantly lowered FAK phosphorylation at all 3 sites, but the degree of inhibition was significantly reduced by the mutation.
Reduced FRNK Targeting to FAs Had No Effect on FRNK-Y168 Phosphorylation and Enhanced FRNK-Y232 Phosphorylation
The same cell extracts were then analyzed for FRNK tyrosine phosphorylation. As seen in Figure 6A and B, basal FRNK-Y168 phosphorylation was not affected by the L341S mutation (Pϭ0.50, 3-way ANOVA). Furthermore, AngII stimula- tion increased FRNK-Y168 phosphorylation to the same degree in both wtFRNK and L341S-FRNK (Pϭ0.65, 3-way ANOVA), which was clearly different from the effect of the FRNK mutation on AngII-induced FAK phosphorylation ( Figure 5A and C) . We interpret these results to indicate that FRNK phosphorylation at Y168 was not dependent on its localization within VSMC FAs, in contradistinction to the requirement for FA localization of FAK-Y861 phosphorylation. Basal and AngII-induced FRNK-Y168 phosphorylation was also PP2 sensitive (PϽ0.001, 3-way ANOVA), indicating that both FAK and FRNK are phosphorylated by a Src family PTK at this residue.
In contrast, reduced FA targeting profoundly affected FRNK-Y232 phosphorylation. As seen in Figure 6A and C, the L341S mutation significantly increased both basal and AngII-stimulated Y232 phosphorylation (PϽ0.001, 3-way ANOVA), which was relatively insensitive to PP2 (Pϭ0.42, 3-way ANOVA). We interpret these results to indicate that FRNK-Y232 phosphorylation occurred outside of VSMC FAs, probably by a PP2-insensitive kinase. These results are also in contradistinction to the requirement for FA localization and Src for FAK-Y925 phosphorylation ( Figure 5A and D). Subcellular fractionation of similarly prepared cell extracts confirmed that mutation of FRNK's paxillin binding domain markedly increased the amount of Y232-phosphorylated FRNK in the soluble fraction ( Figure 6D ). Consistent with both the TIRF-FRAP analysis (Figure 1 ) and paxillin coimmunoprecipitation experiments (Figure 2 ), there was a significant difference in the basal distribution of wtFRNK versus L341S-FRNK (PϽ0.001, 1-way ANOVA). AngII stimulation did not cause a significant redistribution of wtFRNK (Pϭ0.61). However, the agonist did significantly increase L341S-FRNK in the insoluble fraction (Pϭ0.01) ( Figure 6E ).
Discussion
In this study, we examined whether FRNK targeting to FAs was necessary for FRNK phosphorylation at Y168, which is required for its inhibitory activity on VSMC spreading and migration. 14 We used a previously described point mutation in the FA targeting domain of FAK to interfere with the paxillin-FRNK interaction. This mutation is located within the fourth ␣-helix of the FA targeting ␣-helical bundle of FRNK, precisely within residues that compose the second of 2 hydrophobic patches (HP) (ie, HP1 and HP2) involved in paxillin binding. 26 The introduction of a hydrophilic serine in place of a hydrophobic leucine was predicted to interfere with FAK binding to the 4th LD motif in paxillin (LD4) domain within the N-terminal domain of paxillin. 27, 28 Surprisingly, we found that L341S-FRNK still localized to VSMC FAs, as assessed by TIRF and confocal microscopy. However, FRAP analysis revealed that both wtFRNK and L341S-FRNK were dynamically assembled and disassembled within these cells, but the exchange rate of the FRNK mutant differed significantly from that of wtFRNK. The rapid exchange of wtFRNK within FAs was quite similar to the kinetics of dissociation of other rapidly exchanging FA proteins, including FAK. 29 The L341S mutation produced a substantial increase in average k FRAP , which is most consistent with a substantial increase in its rate of dissociation (k OFF ). 30 These kinetic results were confirmed by steady-state evaluation of paxillin binding, FAK displacement, and subcellular fractionation; and indicated that FA targeting was reduced, but not eliminated, by this point mutation.
Therefore, L341S-FRNK provided a mechanism to evaluate the requirement of FRNK tyrosine phosphorylation for targeting to VSMC FAs. Our results indicate that the paxillin-FRNK interaction is not required for efficient FRNK-Y168 phosphorylation. These results are similar to those of Scheswohl et al, 31 who showed that phosphorylation of FAK-Y861 was not dependent on paxillin binding because mutants that disrupted FAK binding to paxillin had no effect on FAK phosphorylation at Y861. However, we showed that FRNK overexpression was required to displace FAK from VSMC FAs, which subsequently reduced FAK phosphorylation at this and other sites. Our data also indicate that, unlike FAK, FRNK-Y168 phosphorylation occurred independently of FA localization because both wtFRNK and L341S-FRNK were equally phosphorylated at Y168 within the soluble and insoluble fractions. The converse situation was also true (ie, FRNK-Y168 phosphorylation was not necessary for FA targeting, as demonstrated previously). 14 In contrast, FRNK-Y232 phosphorylation was highly dependent on FRNK localization, but FRNK displacement from FAs substantially increased its phosphorylation at this site. Our results are consistent with a previously described model, suggesting the existence of an intermediate folding state for the FA targeting domain within FAK. 32 Dixon et al 32 demonstrated that the FAK FA targeting domain in solution partially unfolds, causing helix-1 to lose its helical character while separating from the helix bundle. This conformational dynamic likely facilitated FAK-Y925 phosphorylation while interfering with paxillin binding. We now demonstrate that reducing the paxillin-FRNK interaction within VSMC FAs increased FRNK-Y232 phosphorylation. However, FRNK translocation into FAs increased somewhat after AngII stimulation, but only with L341S-FRNK. It is conceivable that AngII increased the phosphorylation of paxillin and other binding partners that facilitated the FRNK-paxillin interac-tion despite the L341S mutation. In fact, there are likely multiple paxillin binding sites within the C-terminal domain of FAK and, by inference, within FRNK. 26, 31, 32 L341S-FRNK also provided a tool to begin to identify which kinases are responsible for FRNK phosphorylation. Both FAK and FRNK were phosphorylated at Y861 and Y168, respectively, by a PP2-sensitive Src family PTK. However, unlike FAK phosphorylation at Y861 and Y925, PP2 only partially inhibited basal-and AngII-induced FRNK-Y168 phosphorylation and had less of an effect on FRNK-Y232 phosphorylation. Thus, FRNK phosphorylation at Y168 and Y232 appears to be executed differently than FAK phosphorylation at the same residues. A previous study 14 indicated that VSMC FRNK is a naturally occurring protein that, along with FAK, was upregulated after arterial injury. FRNK-Y168 phosphorylation appeared to have a distinct function in inhibiting cell migration, which was unrelated to its ability to inhibit FAK-dependent downstream signaling. We show that the PP2 sensitivity of Y168 and Y232 phosphorylation is also distinct from FAK, suggesting that FRNK phosphorylation may require both Src-dependent and Src-independent pathways. As seen in Figure 6B , FRNK-Y168 phosphorylation was independent of FA targeting because both the wt and mutant FRNK were phosphorylated by AngII stimulation and inhibited by PP2 to the same extent. This observation was different than FAK-Y861 phosphorylation ( Figure 5C ), in which basaland AngII-stimulated phosphorylations were highly dependent on FAK localization and Src activity. Furthermore, FRNK-Y232 phosphorylation was highly dependent on FA targeting. Reducing the binding affinity of FRNK for paxillin increased the off rate of FRNK from FAs and resulted in hyperphosphorylation at the Y232 site, probably by a Srcindependent pathway. Again, these results are quite distinct from the effects of PP2 on FAK-Y925 phosphorylation, which was highly dependent on both FA targeting and Src activity. We believe that these results provide additional evidence to support our contention that FRNK has independent signaling functions in VSMCs. These independent functions may explain the difference in phenotype exhibited by FRNK-overexpressing cells compared with FAK Ϫ/Ϫ cells. FAK Ϫ/Ϫ cells have increased immature FAs that result in reduced cell migration. However, the migration defect is thought to be because of their inability to release FAs. In addition to decreased migratory capacity, FRNK overexpression results in the loss of FAs, cell rounding, decreased proliferation, and anoikis. 12, 16, 20 The future identification of the specific PTKs responsible for both FAK and FRNK phosphorylation may be useful for the development of treatment strategies to limit the process of vasculogenesis and neointimal development by inhibiting FAK, but not FRNK, tyrosine phosphorylation. doctoral fellow and Dr Engman was an American Heart Association predoctoral fellow.
